In this study, the impact of a single pulse of the pyrethroid lambda-cyhalothrin was tested on a macroinvertebrate assemblage consisting of Gammarus pulex, Leuctra nigra, Heptagenia sulphurea and Ancylus fluviatilis in outdoor experimental stream channels. Channels (4 m long, 0.1 m wide) were groundwater fed and had natural substratum. Macroinvertebrates were exposed to 10.65 or 106.5 ng L −1 lambda cyhalothrin for 90 min in the laboratory and after 24 h introduced to the experimental stream channels with four replicates of each treatment and controls. Drift samples were taken with 24-h interval for 10 days and behaviour of drifted macroinvertebrates was assessed. Microalgae biomass was measured on days 1, 5, 8 and 10 along with leaf litter decomposition using leaf packs of beech (Fagus sylvatica). Numbers of drifting G. pulex and L. nigra with reduced mobility increased significantly with concentration of lambda-cyhalothrin. Increase of algal biomass was significantly greater in stream channels with macroinvertebrates exposed to 106.5 ng L −1 compared to controls and 10.65 ng L −1 treatments. Accrual of microalgal biomass was significantly higher in the high concentration treatment and decomposition of leaf litter was significantly greater in control channels compared to channels with exposed macroinvertebrates. This study may apply valuable knowledge to the understanding and assessment of how pyrethroids impact ecosystem functioning in streams.
Introduction
Pesticides have a wide range of impacts on the aquatic biota (Larson et al., 1997) and in streams direct impacts have been found at all trophic levels ranging from algae to fish (Davies and Cook, 1993; Kreutzweiser et al., 1995; Guasch et al., 1997) . Pesticides are widely used in crop protection and are transported to streams by a range of different routes including wind drift, run-off or point sources (Hill et al., 1994) . The major contributor to pesticide contamination is reported by several studies to be drainage water/sub-surface run-off, which strongly coincides with high levels of precipitation (Mathiessen et al., 1995; Schulz and Liess, 1999a ). Both dissolved and particle bound pesticides are transported from the soil surface or subsurface to stream recipients (Schulz et al., 1998) with pesticides having low water solubility (e.g. pyrethroids) generally dissipating very rapidly from the dissolved phase (Schroer et al., 2003) . Depending on different physical and chemical characteristics of the receiving stream as well as physical and chemical properties of pesticides, both particle-bound and dissolved pesticides give rise to short (1-2 h) pulses of acute contamination followed by series of smaller pulses during the subsequent 24 h Kronvang et al., 2004) . In contrast, pesticides bound to the sediment can be retained in the stream ecosystem for longer periods (weeks to months) after the actual exposure incident has occurred .
In Denmark 62% of the total area (43,000 km 2 ) is used as agricultural land. Total length of natural and artificial streams is 60,000 km, the majority of which are small in size (<2 m wide). In Denmark approximately 80% of the total agricultural land is sprayed with pyrethroids (Danish Environmental Protection Agency, 2003) . The combination of extensive use of pyrethroids and the close connectivity between land and stream, enhanced artificially by drainage and narrow buffer strips, makes the potential risk of pyrethroid exposure extremely high . Until now, only few records of detection of pyrethroids in the stream water phase exist, which is likely explained by the episodic nature of pesticide transport to streams, the rapid dissipation from the water phase and infrequent sampling (Lauridsen et al., 2006) . Stream water concentrations of pyrethroids more than 0.1 g L −1 were detected in 20% of the water samples collected in relation to high precipitation incidents in three Danish streams draining agricultural areas with up to 66 g L −1 found on one occasion (Wiggers, 1999) . Likewise, sediment samples in 30 Danish streams have revealed that the pyrethroid lambda-cyhalothrin was the most frequently found insecticide (7%) and in concentrations up to 20 ng g −1 sediment Friberg et al., 2003) .
Pyrethroids primarily have an effect on the nervous system by decreasing the decay of the action potential (e.g. Clark and Matsumura, 1982; Narahashi et al., 1995) . The toxicological impact of pyrethroids has been intensively tested in the laboratory and in field/mesocosm setups on various non-target species with stream macroinvertebrates attracting considerable attention as they respond strongly to pyrethroid exposure (e.g. Anderson, 1989; Schulz and Liess, 1999b) . Many previous studies of the toxicological impact of pyrethroids on stream macroinvertebrates have used mortality, immobilization and offset of catastrophic drift as endpoints (e.g. Farmer et al., 1995; Schulz and Liess, 1999b; Heckmann and Friberg, 2004) . Despite the brief episodic occurrence and low actual concentrations of pyrethroids in natural streams, the highly toxic nature of pyrethroids may produce long term effects not readily observable. Pyrethroid contamination has the potential to produce fundamental impacts on ecosystem structure, function and biotic interactions due to a combination of direct and indirect effects (Schulz and Liess, 1999b) . Leaf litter breakdown rates are frequently used proxies for ecosystem function (Gessner and Chauvet, 2002) and have been shown to decrease with elevated concentrations of pesticides in the field (Schäfer et al., 2007) . A laboratory study has, furthermore, shown a reduction in the leaf shredding activity of the trichopteran Sericostoma personatum and the amphipod Gammarus pulex when exposed to lambda-cyhalothrin in environmentally realistic concentrations (Lauridsen et al., 2006) . These findings indicate that pyrethroids may cause indirect effects in more complex experimental systems or natural streams, and could potentially impair ecosystem functioning.
The aim of the present study was to investigate in outdoor experimental channels: (1) direct effects of lambda-cyhalothrin on mortality, drift and behaviour on a macroinvertebrates assemblage, representing different life histories and feeding functionalities, and relate these effects to (2) proxies of ecosystem function represented by accrual of microalgal biomass (grazing pressure) and decomposition rates of leaf litter (shredder activity).
Materials and methods

Channel setup
The experiment was conducted in an outdoor stream channel facility in Lemming, Denmark (9 • 40 , 56 • 15 ) and carried out in April 2005. The setup consisted of 12 replicated stream channels, which were constantly supplied with groundwater. Using groundwater instead of surface water has the advantage of reducing risks of contamination and a constant chemical composition over time. Chemical properties of the water used were typical for Denmark with fairly high levels of nitrogen but low concentrations of phosphorous (Table 1 ). The water was oxidized before being led through a distribution box which supplied 12 experiment channels with equal amounts of water (Table 1 ). The stream channels were 4 m long and 0.1 m wide with a slope of 1%, which is comparable to a riffle section in a small Danish stream. Prior to the experiment they were stocked with coarse gravel/small pebbles (1-3 cm in diameter) that had been conditioned in nutrient enriched water to allow establishment of a dense biofilm. Seven cobbles (10-15 cm) were equally spaced in each channel to increase retention and create suitable habitats. Mean water residence time was 52 s and mean water velocity 0.07 m s −1 which would be typical for low flow conditions in small streams (Table 1) . A Stowaway Tidbit temperature logger was positioned in the downstream end of the substratum sections, and temperature fluctuation was measured for 24 h (Table 1) .
Macroinvertebrate assemblage
The macroinvertebrate assemblage used was composed of four species: Gammarus pulex (amphipod), Leuctra nigra (stonefly), Heptagenia sulphurea (mayfly) and Ancylus fluviatilis (gastropod). Selection of these macroinvertebrates was based on a series of criteria. They represent some of the most dominant taxonomic groups of macroinvertebrates in Denmark (Dall and Lindegaard, 1995) . They differ in life history and feeding functionality encompassing scrapers of algae and biofilm (Heptagenia, Ancylus), shredders of leaf materials (Gammarus, Leuctra) and predators of other macroinvertebrates (Gammarus) (Møhlenberg et al., 2004) . Individuals used for experimentation were collected at local stream sites immediately (days) before being exposed.
Pesticide and exposure
Applied concentrations of lambda-cyhalothrin were selected based on peak concentrations of pyrethroids found in water samples from Danish agricultural streams during high flow events (Wiggers, 1999 in Introduction) . A dilution series was produced in ethanol (96%) to achieve intended concentrations of lambdacyhalothrin. Exposure was conducted in plastic containers with 10 L groundwater. Lambda-cyhalothrin was applied in 5 ml ethanol in all exposure containers. 5 mL ethanol was applied in control containers as well. Macroinvertebrates were introduced to exposure and control containers (lightly aerated at 4 • C) immediately after application of ethanol (controls) or the lambda-cyhalothrin solution (exposure). Intended concentrations of lambda-cyhalothrin were 10.65 ng L −1 and 106.5 ng L −1 (n = 4) and the exposure period was 90 min. Water from exposure containers was collected immediately after the exposure period and analyzed for actual concentrations of lambda-cyhalothrin. The basic principle of the applied method used to quantify lambda-cyhalothrin concentrations is based on solid phase extraction followed by solution concentration in the process of evaporation and quantification using reverse phase HPLC-MS (Nørum et al., 2006) . Actual exposure concentrations were 92 ng L −1 for the 106.5 ng L −1 treatment while concentrations were below detection limit (10 ng L −1 ) in the 10.65 ng L −1 treatment. After exposure, macroinvertebrates were transferred to aerated plastic containers with uncontaminated groundwater (4 • C) for 24 h with access to food (leaf litter and pebbles with biofilm). After this period macroinvertebrates were transported to the outdoor research facility and distributed to channels. Initial species numbers in each channel for G. pulex, L. nigra, H. sulphurea, A. fluviatilis were 65, 45, 16 and 25, corresponding to the densities of 433, 300, 107 and 167 individuals m −2 , respectively. Each treatment group (control, 10.65 and 106.5 ng L −1 ) was replicated in four stream channels.
Macroinvertebrates in drift
Macroinvertebrates were monitored in the stream channels for 10 consecutive days. At the end of each channel a net (mesh size 0.5 mm) was mounted to collect drift samples and nets were emptied every day at 10 a.m. in the experimental period. All macroinvertebrates caught were counted and their behaviour was assessed using three categories: normal activity (preserved escape response by physical touch), reduced activity (restricted escape response by physical touch) and dead. All macroinvertebrates alive were reintroduced into the respective stream channels. At the end of the experiment, all remaining substratum was preserved in 96% ethanol and later sorted for macroinvertebrates.
Microalgae accrual and leaf litter decomposition
Increase of algal biomass reflects grazing activity of macroinvertebrates in this simplified community. In this study we used chlorophyll a density as a measure for algal coverage of the substratum. The gravel/pebble substrate was collected from each channel on experimental days 1 (prior to the introduction of macroinvertebrates) 5, 8 and 10 for chlorophyll a analysis. Chlorophyll was extracted in ethanol and the absorbance at 665 nm was measured in a PharmaSpec UV-1700 spectrophotometer. Total chlorophyll a was calculated from the projected area of each collected gravel/pebble.
Leaf pack weight loss reflects shredding activity and as such is a measure for decomposition of coarse particulate organic material (CPOM). Five leaf packs were placed evenly spaced upstream of cobbles to secure that they would keep position. Each leaf pack was constituted of 10 conditioned beech leaves (Fagus sylvatica) collected from a small groundwater fed first order stream in Velling Forest, Denmark. The catchment for this stream is entirely old beech forest, thus the collected leaves have not been exposed to environmental toxins prior to the experiment. Initial dry weight (DW) was established by drying 15 randomly selected beech leaves to a constant weight at 60 • C and then weighing on a Mettler Toledo XP-204 balance with three decimals accuracy. After the last emptying of driftnets on day 10, all leaf packs were retrieved and macroinvertebrates were removed and preserved in 96% ethanol. Final DW of each leaf pack was established using the procedure described above.
Macroinvertebrate size estimations
The size of different morphological parts was measured on all macroinvertebrates and DW was calculated using established relationships between the size of a morphological measure (e.g. the width of head capsules) and their DW (Zelinka and Marvan, 1976; Iversen and Jessen, 1977; Friberg et al., 2002) . For A. fluviatilis it was necessary to establish a new length/DW relationship by collecting additional individuals in the field and measuring length of shells followed by individual DW estimation. For all species DW was estimated using simple linear regression and was 4.45 ± 0.10 mg for G. pulex, 0.29 ± 0.007 mg for L. nigra, 1.64 ± 0.07 mg for H. sulphurea and 4.35 ± 0.25 mg for A. fluviatilis.
Statistics
The primary analytical approach of drift, macroinvertebrate activity, microalgae accrual and leaf litter decomposition data were ANOVA and repeated measures ANOVA since response variables were observed over time (Littell et al., 1996) . Specifically, drift data were analysed by a repeated mixed effect model (Littell et al., 1996) with pesticide treatment as fixed effect, channels as a random effect and day as repeated measure. The variance structure was modelled by a compound symmetry variance matrix. Pairwise tests were done by least square means and t-tests (SAS Institute Inc., 1989) . The analysis of algae was done using exactly the same methods as for the drift data, but the variance structure was modelled by an unstructured variance matrix. The leaf pack data was analyzed by a mixed effect model with pesticide treatment as fixed effect and channels as random effect. Pairwise tests were done by least square means and t-tests.
Results
Channel macroinvertbrate numbers
The number of macroinvertebrates did not decline significantly (P > 0.05) during the experimental period in any treatment group or channel as mortality was low and all individuals alive caught in drift were reintroduced. Average total number of G. pulex ranged from 61 individuals in 106.5 ng L −1 treatment to 63 individuals in controls, from 42 (106.5 ng L −1 treatment) to 44 (controls) for L. nigra, from 14 (106.5 ng L −1 treatment) to 15 (controls) for H. sulphurea and with A. fluvialtilis numbers being constant at 25 indivduals across treatments and controls.
Macroinvertebrate drift
The proportion of G. pulex in drift increased for all groups (control, 10.65 and 106.5 ng L −1 ) after 4 days reaching a plateau for the remaining part of the experimental period (Fig. 1a) . Drift in control channels was significantly higher than both treatment groups (t = 9.54, P < 0.0001 and t = 16.70, P < 0.0001, respectively). Between treatment groups drift was significantly higher in channels with macroinvertebrates exposed to 10.65 ng L −1 compared with 106.5 ng L −1 (t = 7.16, P < 0.0001).
As for G. pulex drift of L. nigra increased after 4 days but no consistent trend was evident in drift pattern among the three groups (Fig. 1b) . Only few H. sulphurea drifted and there were no significant differences in drift pattern between treatment groups (data not shown). No A. fluviatilis drifted in the experimental period.
Activity of macroinvertebrates
The proportion of G. pulex that maintained a normal activity level decreased with the concentration of lambda-cyhalothrin (Fig. 2a) which in 106.5 ng L −1 treatment corresponded to 3% of the total number of individuals. The number of G. pulex individuals showing reduced mobility increased slightly with concentration of lambda-cyhalothrin. Compared to controls, the proportion of G. pulex with normal activity level was significantly lower in both treatments (t = 8.46, P < 0.0001 and t = 15.68, P < 0.0001, respectively). Between treatments the proportion of individuals with normal activity level was significantly lower in the 106.5 ng L −1 treatment compared to 10.65 ng L −1 (t = 7.22, P < 0.0001). Activity level of G. pulex was significantly reduced in treatment channels (F 9,81 = 20.21, P < 0.0001) and with significant interaction between time and concentration (F 18,81 = 7.11, P < 0.0001) (data not shown) with the proportion of G. pulex with reduced mobility significantly increasing through the experimental period (F 9,81 = 3.26, P = 0.0020).
The proportion of L. nigra in drift with normal activity declined with treatments while the proportion of individuals showing reduced mobility increased (Fig. 2b) . The proportion of individuals with reduced activity level was significantly lower in the 106.5 ng L −1 treatment compared to controls (t = −4.14, P = 0.0025) and the 10.65 ng L −1 treatment (t = −2.54, P = 0.0317). There was a significant interaction between time and concentration for activity level (F 18,81 = 1.99, P = 0.019) (data not shown).
Despite that only few H. sulphurea were observed in drift, activity level in the 106.5 ng L −1 treatments was reduced compared to the 10.65 ng L −1 treatments and controls (Fig. 2c) . The proportion of individuals with normal activity was significantly different between groups of treatment. (F 2,9 = 5.73, P = 0.024), and there was a significant effect of the time of sampling (F 9,81 = 2.22, P = 0.029). No A. fluviatilis was found in drift during the experiment (data not shown).
Microalgal biomass accrual
Algal biomass increased during the experimental period in all groups. There was a significant effect of treatment and time of sampling on algal biomass (F 2,9 = 5,09, P = 0.033 and F 2,9 = 8,46, P = 0,0086, respectively). Treatment with 106.5 ng L −1 lambdacyhalothrin had a strong effect on the grazers' ability to reduce algal biomass. Average initial chlorophyll a density was 3.57 mg m −2 . In channels with macroinvertebrates exposed to 106.5 ng L −1 lambdacyhalothrin chlorophyll a density increased to 16.15 mg m −2 , while the increment during the 10-day experimental period chlorophyll a merely increased to 6.25 and 4.30 mg m −2 in 10.65 ng L −1 treatment and controls, respectively (Fig. 3) . Algal biomass was significantly higher in channels with macroinvertebrates exposed to 106.5 ng L −1 compared to the 10.65 ng L −1 treatment and controls (t = −2.49, P = 0.035 and t = −2.98, P = 0.016, respectively). The increase of algal biomass in the 10.65 ng L −1 treatments was not significantly greater than in control channels.
Leaf litter decomposition
Total decomposition of leaf packs was significantly higher in control channels compared to channels with treated macroinvertebrates (t = −2.98, P = 0.016 and t = −2.49, P = 0.035). Leaf pack weight loss was 0.17 g DW in control channels, three times greater than 0.05 and 0.06 g DW in 10.65 and 106.5 ng L −1 treatments, respectively (Fig. 4) . The difference in leaf pack weight loss between the two treated groups was not significant (P > 0.05).
Discussion
Effects of pesticide contamination on community and ecosystem level in streams have previously been observed at environmentally realistic concentration levels (e.g. Wallace et al., 1989; Sibley et al., 1991; Schulz and Liess, 1999b) . Other more recent studies have found various indirect effects of pesticide exposure in addition to the more frequently used end points such as mortality or exclusion of species (Lauridsen et al., 2006; Nørum et al., 2006; Schäfer et al., 2007) . In this study several species were allowed to interact in a seminatural system and the results support previous findings of direct and indirect effects of pyrethroids on macroinvertebrates in running waters. Density of species in the mesocosm remained approximately constant during the experiment because of the reintroduction of all living individuals caught in drift. Thus differences in leaf decomposition rate and algal grazing activity cannot be attributed to decreasing species densities according to loss of macroinvertebrates from the stream channels.
During the 10-day experimental period, only G. pulex significantly changed drift pattern compared to the control group. Drift significantly decreased with lambda-cyhalothrin concentration, while there were no significant changes in drift activity between treatment groups for L. nigra, H. sulphurea and A. fluviatilis. An increase in drift rate for G. pulex in controls and 10.65 ng L −1 treatments and for L. nigra in all treatments was observed on day 5. No significant external disturbance could explain this change but it might reflect a change in weather to more overcast conditions promoting drift activity in general (see e.g. Allan, 1995) . The initially lower drift activity for both G. pulex and L. nigra and the subsequent higher but stable activity level for G. pulex might indicate an acclimation period after their introduction into the channels. Previous studies have shown that the primary response of G. pulex and other macroinvertebrates is to enter catastrophic drift when exposed to pyrethroids (e.g. Muirhead-Thomsen, 1978; Davies and Cook, 1993; Heckmann and Friberg, 2004; Nørum et al., 2006) . The observed decrease in post exposure drift rate in G. pulex with pesticide treatment might be ascribed to a reduction in activity level that make them less prone to enter drift. These findings are in accordance with previous video tracking recovery studies (Nørum et al., 2006) , where G. pulex was exposed to 100 ng L −1 lambda-cyhalothrin for 4.5 h. G. pulex here showed reduced mobility in a subsequent period of 1-3 days, and mortality increased in the entire recovery period of 21 days. According to functional grouping of the four macroinvertebrate species in the mesocosm community, A. fluviatilis is the most significant and efficient grazer followed by H. sulphurea (Elliott et al., 1988; Dall and Lindegaard, 1995) . However, both G. pulex and L. nigra can feed on benthic algae if the resource is readily accessible (Marchant, 1981; Henderson et al., 1990) .
The significant increase in total algal biomass in stream channels with macroinvertebrates treated with 106.5 ng L −1 compared with control and the 10.65 ng L −1 treatment might indicate that the ability of the macroinvertebrate assemblage to regulate total algal biomass was altered. In accordance to this Kjeldsen (1996) found that algal biomass on rocks frequently rinsed with the pyrethroid Fig. 3 . Changes of algal biomass during the experimental period (10 days). Gravel used for chlorophyll a analyses was gathered on day 5, 8 and 10 and for reference on day 1. Each mark represents average ± S.E. for each treatment group (0 (control), 10.65 and 106.5 ng L −1 lambda-cyhalothrin).
permethrin was higher than that of rocks rinsed with water, caused by a release of macroinvertebrate grazing pressure. Our setup did not directly allow us to assess how feeding activity of each individual species was affected by the exposure. However, considering that neither drift activity nor behaviour of A. fluviatilis appeared to be altered in any way and the reported low sensitivity of molluscs to pyrethroids (Schroer et al., 2003) , it is unlikely that this species was responsible for the change in grazing pressure. With regard to H. sulphurea too few individuals were caught in drift and assessed to establish if this species was affected by the treatment to a degree that would impact feeding efficiency. In contrast, both G. pulex and L. nigra were clearly affected and it seems likely that these two species were primarily responsible for changes in grazing pressure, indicating that they might be more efficient grazers of microalgae than normally believed. In this study treatment with lambda-cyhalothrin had a pronounced effect on macroinvertebrate shredding activity. Decomposition of leaf packs was significantly lower in channels with treated macroinvertebrates compared to controls but there were no clear dose-response effect. G. pulex and L. nigra dominated the community in number and density. Both species act primarily as shredders and feed upon CPOM in natural ecosystems (Iversen, 1988) . The activity of individuals of both species in drift was reduced in both 10.65 and 106.5 ng L −1 treatments though the assessed condition of L. nigra was based on relatively few numbers. These results are supported by other studies using video tracking which have revealed long term reduction of mobility in G. pulex after exposure to 10 ng L −1 lambda-cyhalothrin, cypermethrin or esfenvalerate in the laboratory (Nørum and Bjerregaard, 2003; Nørum et al., 2006) .
Our findings suggest that G. pulex and L. nigra are highly sensitive to this pyrethroid and that effects can be seen not only in form of readily induced short-term behavioural changes such as hypermobility, but also as longer term effects with subsequent reduced mobility and possibly feeding activity. This contention is supported by Møhlenberg et al. (2004) who found reductions in shredding activity for G. pulex exposed to 0.02 g L −1 esfenvalerate for 30 min. Furthermore L. nigra and G. pulex are the two most sensitive species towards pyrethroids in this simplified macroinvertebrate community (e.g. Anderson and Shubat, 1984; Giddings et al., 2001; Schroer et al., 2003) . The lack of a clear dose-response correlation regarding shredding activity between the 10.65 and 106.5 ng L −1 treatments could be explained by the relatively short experimental period. Nørum et al. (2006) studied predator-prey interactions between G. pulex and L. nigra impacted by lambda-cyhalothrin and found the strongest dose-response correlation between 1 and 10 ng L −1 . Thus the observed effect of lambda-cyhalothrin concentration on shredding activity, and maybe grazing pressure as well, would possibly have been stronger with a longer experimental period.
The exposure scenario we used was mimicking a run-off event where pesticides recently applied, either dissolved or bound to particles, enters the stream ecosystem in periods with high precipitation. Several Danish studies have shown this scenario provides the highest peak concentrations with regard to pyretheroids and occurs more frequently under natural conditions than other routes of exposure such as spray drift (e.g. Wiggers, 1999; Kronvang et al., 2004) .
A key question when utilising a mesocosm approach is to what extent these artificial environments mimic natural conditions, i.e. their realism. Limited biological complexity or scale-dependent behaviour of component species could limit the relevance and applicability to real systems (Cooper and Barmuta, 1993) . We used concentrations of lambda-cyhalothrin in a range that have been observed in Danish streams (Wiggers, 1999) and exposed macroinvertebrates to a short 90 min pulse mimicking realistic exposure conditions under high run-off events. As we exposed macroinvertebrates in the laboratory without the combined of stress of increased water velocities that would occur under in-stream conditions, our experimental design might underestimate the negative impact of lambda-cyhalothrin on macroinvertebrates in real exposure scenarios. In contrast, we might have overestimated impacts on ecosystem function as there is likely to be a greater functional redundancy in natural systems compared with our simplified fourspecies assemblage. However, negative impacts of pyrethroids on both grazing and leaf litter processing has been reported from studies of natural streams (Kjeldsen, 1996; Schäfer et al., 2007) and our experiment clearly supports the hypothesis that lambdacyhalothrin potentially can change ecosystem function.
